Hericium species are considered precious edible mushrooms, among which Hericium erinaceus has long been used as a Chinese traditional medicine to treat various diseases of the digestive system.
Hericium species are considered precious edible mushrooms, among which Hericium erinaceus has long been used as a Chinese traditional medicine to treat various diseases of the digestive system. 1) The cultures of H. erinaceus or their extracts processed in tablets have been put into production on a large scale, mainly for curing gastric ulcer and chronic gastritisin. Recently, Hericium erinaceus has attracted great attention owing to its anti-tumor, immunomodulatory and lipid-lowering effects, as well as other new medical values. 2) Understandably, the physiological, biochemical and pharmacological properties of Hericium erinaceus are being increasingly studied in China, Korea and Japan, etc. [3] [4] [5] [6] Accurate taxonomic identification and phylogenetic classification will help to predict novel genes and novel useful metabolites, and provide useful information for genetic engineering or cultivation of commercial strains. 7) However, only a few studies have focused on the molecular systematics of medicinal fungi. In addition, the evolutionary history and relationships of Hericium with other basidiomycetes remains controversial in spite of its economic importance. 8, 9) To solve such problems, correct identification of medicinal fungi is necessary. Unfortunately, the traditional methods for the identification of mushrooms are problematical, because most of them in mycelia phase are very similar to each other in both morphological characteristics and organic or inorganic component; in addition, culturing the fruiting body for identification is both time-consuming and inefficient. Thus, a more advanced method should be developed for the identification of H. erinaceus and other medicinal fungi.
With the current rapid progress in biological techniques, molecular genetic markers have been employed for sensitive and rapid identification of medicinal materials.
10) The development of DNA-based PCR 11) and taxon species primers 12) is making it increasingly feasible to detect and study fungi. The internal transcribed spacer (ITS) region has been generally considered a convenient target for the molecular identification of fungi. 13) For example, Henry, T. et al. 14) identified Aspergillus at the species level and differentiated it from other true pathogenic and opportunistic molds using ITS 1 and 2 for earlier diagnosis and screening of effective antifungal agents for patients. Park, D. S. et al. 15) designed a pair of specific primers for PCR detection of wood-decaying fungus Phellinus linteus based on the rDNA ITS sequence data. In this study, a preliminary phylogenetic analysis of ITS sequences was performed and used to assess the phylogenetic relationship between Hericium and other relevant species. Furthermore, a set of PCR primers specific to Hericium was designed for establishing a convenient and accurate method for the identification of medicinal mushrooms.
MATERIALS AND METHODS

Sample Sources
Sixteen samples of 13 species from different locations and various types of tissues used in this study are listed in Table 3 . The specimens have been placed in the collection of Nanjing Normal University (NJNU), China. Hericium was maintained on 1.5% malt-extract agar, and was grown in the liquid media (1% malt extract, 1% yeast extract , 0.4% glucose) at 26°C for 6 d before its mycelium culture was harvested, freeze-dried, and stored at Ϫ20°C for analysis. The solid culture was obtained by transferring the fresh colonies into bagasse media and allowing them to grow at 22°C for 30 d. The fruiting body of HT DB developed 20 d after the fruit body appeared by ordinary methods.
DNA Extraction Total genomic DNA was extracted as described by Graham et al. 16) Lyophilized sample was ground in liquid nitrogen and transferred into a 1.5 ml microfuge tube. Lysis buffer (200 mM Tris-HCl, pH8.0, 100 mM NaCl, 25 mm EDTA, 0.5% sodium dodecyl sulfate (SDS)) was then added. After incubation at 37°C for 1 h, 2ϫCTAB buffer (2% CTAB [w/v], 100 mM Tris-HCl pH 8.0, 1.4 M NaCl) was added, and the mixture was placed in a water bath at 65°C for 15 min. The solution was extracted at least twice with equal volume of phenol : chloroform : isoamyl alcohol (25 : 24 : 1, v/v), then centrifuged at 12000 rpm for 10 min, followed by extraction with chloroform : isoamyl alcohol (24 : 1) until the top phase was clear. The upper phase was transferred to new tube, and DNA was precipitated with 0.7 volume isopropanol, washed with 70% ethanol, dried, and resuspended in 100-200 ml TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Genomic DNA was visualized in 1% agarose gel. The concentration and purity of the DNA were determined using a UV spectrophotometer (BIO-RAD Smartspec TM 3000). rDNA ITS Region PCR Amplification and Sequencing Amplification and sequencing of HT DB involved using a pair of universal primers ITS5 (5Ј-GGAAGTAAAAGTCGTAA-CAAGG-3Ј) and ITS4 (5Ј-TCCTCCGCTTATTGATATGC-3Ј) 17) for the region containing ITS1 and ITS2 and the 5.8S rDNA, and they were also employed as a positive control in subsequent diagnostic PCR. The amplification was carried out in a PTC-200 thermocycler (MJ Research, Inc.) in a 50 ml reaction mixture containing 10 mM Tris-HCl pH 8.3, 1.5 mM MgCl 2 , 50 mM KCl, 0.2 mM of each dNTP, 0.4 mM of each primer, 50 ng template DNA, and 1.5 U Taq DNA polymerase (Promega). The reaction mixtures were denatured at 95°C for 5 min and subjected to 35 cycles of 40 s at 95°C, 1 min at 52-57°C, 1 min at 72°C, and a final extension step of 6 min at 72°C. Amplified products were purified using a DNA purification kit (Shanghai Watson Bioengineering, Inc.), according to the manufacturer's instructions, and then sequenced directly with BigDye TM on a ABI-PRISM 310 automated DNA sequencer (PE Applied Biosystems Co.). The ITS sequence of HT DB (561 bp) was deposited in Genbank (accession number AF397469).
Sequence Analysis of Hericium Based on ITS Region
Seven ITS sequences of five 18) The similarity (%) of ITS sequences and values of base transition/transversion were estimated using MEGA 2.0 based on the Kimura2-Parameter Distance model. 19) Phylogenetic Analysis Sequence data from ribosomal ITS genes of Homobasidiomyetes were used to perform a preliminary phylogenetic analysis. Twenty-eight ITS sequences were obtained from Genbank (Table 1) . These species designations were based on morphological species concept or referred to previous reports. 20, 21) Phylogenetic analysis of the aligned sequences was performed by Neighbor-Joining (NJ) analysis, using the MEGA (2.0) Kimura 2-Parameter Distance model, in which gaps were treated as missing data. The resulting trees were rooted with Tremella. Bootstrapping was performed with NJ analysis using 300 replicates.
Primer Design Based on the results of the phylogenetic analyses, we investigated ITS sequences of the nearest relatives and of the relevant species (Table 2) . A pair of primers, HT-U1 and HT-L1, was designed for PCR detection of authentic species of Hericium (Fig. 1 ). Primer pairs were tested for specificity with total genomic DNA from 16 samples of 976 Vol. 25, No. 8 The arrowheads represent the 3Ј end and approximate position of each primer. The nuclear large rDNA is truncated in this figure.
relevant fungi (Table 3) in PCR, and a DNA fragment (approximately 300 bp) from the rDNA ITS gene was amplified. Diagnostic PCR was performed under the conditions mentioned above.
RESULTS
Sequences Analysis of Different
Hericium Species ITS sequences of HT DB and H. erinaceus 48001 and 48002 was found to be almost the same, in spite of their different geographic origins. There was only one couple of divergent bases between HT DB and 48001, and no sequence difference between HT DB and 48002. The ITS similarity among HT DB , H. abietis, H. americanum, and H. coralloides 1 was higher than 98% (Table 4) , whereas the similarity of ITS among seven species of Hericium was 97.2-100%.
Phylogenetic Analysis The phylogenetic tree was generated from 29 aligned sequences of Homobasidiomycetes (Fig. 5) . In the phylogenetic tree, 6 groups were assembled from 29 strains of Homobasidiomycetes. Except for group 2, containing strains from a different family of the same order, and group 5, containing strains from a different family of a different order, the other four groups consisted of strains from the same family. Our results suggested that grouping at a familial and generic level in ITS-based cladograms would be feasible, in spite of a low confidence level supported by the bootstrap for the higher order.
As one independent branch, Hericiaceae was closely related to Auriscalpiaceae, Echinadontiaceae, Russulaceae, Schizophyllacea and Stereaceae in the tree, which is similar to David S. Hibbett's 21) phylogenetic tree of Homobasidiomycetes generated with the data of nuc-ssu-rDNA and mtssu-rDNA.
PCR Primer Design Seventeen species of familiar edible and medicinal mushrooms as well as 8 isolates of Hericium, were chosen to test the detection primers designed on the basis of phylogenetic analysis (Fig. 2) . The selected spans for specific primers were 38-61 bp and 375-397 bp, respectively. For the more sensitive detection of Hericium, the 11th nucleotide "C" of the oligomer HT-U1 was changed to "A". So, the specific primer pairs were HT-U1 (5Ј-CAGGCATGTGCACGCTCCAATCTC-3Ј) and HT-L1 (5Ј-CAAGACCTCCAAGTCCAAGCCCA-3Ј).
When the universal primers ITS5 and ITS4 were used at the annealing temperature of 52°C, 16 samples from the 13 species of relevant mushrooms and opportunistic molds all gave an amplificon with a size between 500 and 600 bp (Fig.  3A) . While the specific primers HT-U1 and HT-L1 were used for PCR under the same condition, a DNA fragment with a size of about 300 bp was clearly amplified from 4 isolates of H. erinaceus, and there was no PCR product from Pleurotus ostreatus, Vlovariella volvacea, Auricularia auricula, Tremella fuciformis, Coriolus versicolor, Dictyophora indusiata, Rhizopus oryzae, or Diasporangium sp., but Auricularia auricula, Flammulina velutipes, Ganoderma lucidum, Agaricus campestris gave a weak signal (Fig. 3B) . When the annealing temperature was increased to 54°C, all species of H. erinaceus were amplified well; however, Flammulina velutipes and Agaricus campestris no longer showed an amplified product, while there was still faint amplification in Au- ricularia auricula and Ganoderma lucidum (Fig. 3C) . Once the annealing temperature was set to 57°C, the amplified DNA band only appeared in 4 isolates of H. erinaceus, and there was no PCR product from the other fungi (Fig. 3D) . In order to verify that various types of samples could be well amplified by the identification primers, we used a DNA template that was respectively extracted from liquid cultured mycelia, fruiting body, agar cultured mycelia and solid cultures of HT DB for detection PCR. A single product, which is identical to that in Fig. 4 , could be successfully amplified at the annealing temperature of 57°C from all types of sample by specific primers.
DISCUSSION
With increasing demands for edible and medicinal fungal materials, the scarcity of some wild fungi used as Chinese traditional medicine, such as Hericium erinaceus, Ganoderma lucidum and Cordyceps sinensis, has become much more serious. Moreover, there are a lot of adulterants or substitutes of medicinal fungi in the market, owing to their high price. The identification of high-quality species of economic fungi tends to be of great significance.
A molecular technique may greatly enhance detection sensitivity, simplicity and rapidity. Several methods, which mainly include random amplified polymorphic DNA (RAPD), arbitrary primed PCR (AR-PCR), restriction fragment length polymorphism (RFLP), PCR-RFLP and DNA sequencing, have recently been used for the authentication of medicinal materials. Although they have been proven to be efficient in taxonomic identification and in distinguishing genuine crude drugs from their substitutes or adulterants in previous reports, the limitation of the application of these methods is inevitable because fine quality template DNA is required in these experiments and they are relatively expensive. The reproducibility of RAPD analysis is badly affected by the quality and concentration of template DNA, the ratio of template-to-primer, and slight fluctuations of reacting components or cycling parameters. As for the PCR-RFLP method, the length of PCR products also confines its utilization, since the number of restriction enzyme sites is limited in the DNA segments between the two primers. Although the sequence analysis of PCR products has quite good precision and stability, the relatively high expense of DNA sequencing and the sensitivity to contamination in the PCR reaction using universal primers obstruct its wide use in the quality control of medicinal materials. 22) In this study, an efficient method was presented to identify 978 Vol. 25, No. 8
Fig. 2. Hericium-Specific Primer Design Based on the ITS Region between Species of Hericium and Relevant Species
Codes are the same as described in Table 2 .
A B C D economic fungi. Based on the target DNA sequence analysis of high-quality species or original medicinal mushrooms, we designed a pair of specific primers that match exactly with a definite DNA sequence of Hericium, and incompletely with the sequence of other species. Therefore, a high-stringency PCR reaction with the primers specific to Hericium gave a positive signal only to genuine species of Hericium, but not to other closely related fungi. Besides, the process of identification PCR is very simple and convenient.
It is commonly thought that ITS regions are often highly variable between morphologically distinct species or even isolates of the same species.
23) Therefore, the ITS region has been generally believed a convenient target for molecular identification of fungi. However, a high similarity of ITS sequences has been found in our phylogenetic analysis of Hericium, which is not fully in accord with previous views. This might be due to differences in evolution sequence, variation, analytic methods, etc. Additionally, it had been demonstrated by preceding research that some fungus species have little divergence in the interval gene region. This suggests that ITS may not be suitable for taxonomic analysis between some species of intragenus and population level. 24) According to the high similarity of ITS sequences of species in Hericium, H. erinacius was chosen as representative of Hericium to design detection PCR primers specific to Hericium, since it is widespread in China. To probe into the evolutionary history of Hericium and its relationship with other basidiomycetes, and to prepare for the specific primer design, we established a phylogenetic tree of Hericium and some strains of correlative order/family in Homobasidiomycetes in a higher order taxonomic level. Based on this phylogenetic tree, the ITS sequences from the nearest relatives and the relevant species of Hericium were aligned, and the results were used to design a pair of specific primers (HT-U1 and HT-L1) only for Hericium. Under a relatively high PCR annealing temperature, a signal of 300 bp DNA fragment could be clearly amplified from 4 strains of H. erinaceus, whereas no PCR product from other fungi was amplified under the same conditions. In order to verify the quality of the DNA template, all template DNAs were amplified with universal primers at an annealing temperature of 52°C, and all PCR reactions gave clear bands on agarose gel electrophoresis. These results proved that the DNA templates were suitable for PCR. It also indicated that a particular DNA band should be amplified from these templates if a pair of primers can find an appropriate annealing position on the template DNA. In addition, our experiment also proved that specific detection PCR could be preformed with templates from various sources, regardless of the tissue type of the sample.
In conclusion, an accurate and practical phylogenetic analysis would lay a theoretic foundation for defining a classified status of new edible or medicinal fungi. In addition, their evolution relationships could provide an important clue for further exploration of the active compounds. Furthermore, specific detection PCR is a time-effective and low-cost method for the authentication of edible and medicinal mushrooms. This method will aid in the quality control of Chinese medicinal materials and species identification of other economical fungi.
